Four possible models for anhydrous calcium oxalate (COA) polymorphs have been investigated through ab initio quantum mechanical methods. Their structural properties, IR and Raman spectra, and thermodynamic stability in the range of 0-800 K have been analyzed and compared. Along with the known β-COA structures, two models turn out to be possible candidates for the α-and γ-polymorphs that 2 were observed during dehydration of weddellite (calcium oxalate dihydrate, COD) by Walter-Lévy and Laniepce (C. R. Acad. Sc. Paris, 259, 4685, 1964). While the calculated vibrational frequencies show that the four COA models correspond to minimum energy structures, β-COA is the thermodynamically favored phase over the range of temperatures examined in the present study. Despite the fact that computed vibrational spectra and XRD patterns of these polymorphs exhibit some different features, a definitive assignment of the structures based on computational results is not possible due to the lack of accurate experimental data. In an effort to improve comparative experimental data, the structural evolution of whewellite (calcium oxalate monohydrate, COM) has been probed using time-resolved synchrotron X-ray diffraction, in order to correlate the calculated structures to the observed structures.
Introduction
Biomineralization is the process by which living organisms produce minerals, and it is an extremely widespread phenomenon in nature. [1] [2] [3] In recent years, research in this field has seen an increased focus on aspects related to human health. Specifically, an imbalance in the mineralization/demineralization equilibria, the basis of the formation and maintenance of human hard tissues, can result in health problems, as well as in the formation of some undesired minerals in the body. One such example is the formation of kidney stones, which are commonly composed of calcium oxalate. Because of this, and together with the fact that calcium oxalate is frequently found as a biomineral in plants, research into the phases of calcium oxalate, including its hydrates, is attracting significant attention. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] 4, 6, [15] [16] [17] [18] [19] [20] As in the case of calcium carbonate, an amorphous phase has also been detected for calcium oxalate, with a degree of hydration close to 1 molecule of water per formula unit. 21, 22 On the other hand, understanding the structure and polymorphism of anhydrous calcium oxalate (COA) directly from experiment is a challenge due to the fact that it is highly hygroscopic and therefore little work has been done so far on these phases.
According to previous studies, three forms of COA have been identified by experimental techniques, such as thermogravimetric analysis (TGA) and X-ray diffraction (XRD). These three temperature-dependent polymorphs are known as α-, β-, and γ-COA, and were originally obtained through dehydration of COD and labeled by Walter-Lévy and Laniepce in 1964. 23 4
Notably, the γ-phase was detected only when starting from COD samples ground into fine grains.
Though unable to fully determine the structures, Hocart et al. 24 observed that while the c and β lattice parameters may change between the α-and the β-phase, the dehydration of COM is essentially topotactic, since no significant structural rearrangement was detected. However, the definition of these COA polymorphs is still controversial because of a lack of conclusive evidence. The crystal structures of α-and γ-COA are still unknown, while that of β-COA has only been reported recently through a combination of computer simulation 25 , based on density functional theory (DFT) within the generalized gradient approximation (GGA) using the PBE
functional, Rietveld refinement of a structural model with XRD data, and comparison with the XRD patterns recorded in Walter-Lévy and Laniepce's study. 23 Here, β-COA, was found to belong to the monoclinic space group P2/m, with similar a, c, α, γ lattice parameters as COM, while β~90º and b is approximately half of that for COM.
In this work we aim to investigate the structural properties of COA using ab initio quantum mechanical methods to examine possible candidate atomic configurations and then to correlate the determined structures to experimental observations. The key differentiator in this experimental study is the use of in situ variable temperature XRD. Effectively COM has been heated while XRD data have been continuously collected and then analyzed using a Rietveld approach based on the previously derived theoretical models.
Computational Methods
All calculations have been carried out with the CRYSTAL14 program. 26 Two different Gaussiantype basis sets are used; one originally optimized by Valenzano et al. 27 for calcite, and then successfully applied in investigating the other calcium carbonate crystalline phases (referred to 5 hereafter as V-BS); [28] [29] [30] PBEsol0. In addition, a semiempirical GGA-type functional, PBE-D, has been applied in order to account for the long-range dispersion contribution 37 . The DFT exchange-correlation term is evaluated through numerical integration over the unit cell volume, using a pruned grid with 75 radial points and 434 angular points.
The parameters for the approximation of bielectronic integrals have been modified in order to achieve improved numerical convergence relative to the default parameters. and a temperature of 300 K have been used for producing the Raman spectra. Constant volume heat capacity and vibrational entropy have been computed up to 800 K in order to investigate the thermodynamic stability of the four different phases. Here all terms are evaluated at the 0 K structure, without considering the contribution due to thermal expansion. Given the similarity of the unit cells, only frequencies at the Γ point have been considered. The SCF convergence threshold during frequency calculations has been set to 10 -10 a.u.
The simulated XRD patterns have been produced with the Mercury program 45 in the range of 0 ≤ 2θ ≤ 50º, using the equilibrium geometry optimized with V-BS and PBE0. The wavelength has been set at the experimental value of 0.99996 Å, with a step of 0.02 degree and a full width at half maximum of the Gaussian functions (FWHM) of 0.1 degree.
Experimental Methods
COM has been obtained from Alfa Aesar and was nominally 99% pure and used as received. 
Results and discussion

Structures of COA polymorphs
The structure of β-COA as reported by Hochrein et al. 25 has been selected as an initial model. Three structures other than β-COA (Figure 1 ) have been considered in the present study. Two, namely COA-II and COA-III, have been obtained as a result of force field calculations performed on β-COA and β-COA/water systems. The description of these calculations is outside the scope of this paper, and will be presented elsewhere; here we just focus on the resulting alternative structural models. COA-IV has been obtained by deleting the water molecules from COM 20 and re-optimizing the structure. Vibrational frequency calculations show that all these phases are minimum energy structures.
The optimized lattice parameters of the four COA structures are reported in Table 2 and the full results from vibrational frequency calculations will be discussed in a later section. The optimized lattice parameters of COM are reported for structural comparison as well. This table shows that COA-III is the least dense phase, though the value for its density is only 2.5-3% from those of β-COA and COA-IV. COA-II is ~0.4 g/cm 3 denser (>20%) than all the other phases. In terms of structural arrangements, all structures apart from COA-II belong to a monoclinic space group (P2/m for β-COA and COA-III; C2/m for COA-IV) and have very similar lattice parameters, while COA-II has triclinic P1 symmetry.
When visualizing the structures along the crystallographic b-axis, as shown in Figure 1 , two types of oxalate groups can be observed; one whose molecular plane lies in the xz plane (we assume that b is oriented along the y-axis), and the other whose molecular plane is perpendicular to the xz plane (this feature is less intuitive to visualize in Figure 1 for COA-II, as α and γ ≠ 90º). Clearly the orientation of the oxalate is different in the four structures. The high density of COA-II is the result of a deformation of the α and γ lattice parameters and a consequent rearrangement of the oxalate and calcium ions into a more compact framework that is quite different from those observed for the other phases. As expected, the atomic structure of COA-IV is closely related to that of COM 20 ( Figure 1) . A comparison of the calculated X-ray diffraction patterns (XRD) of the four COA structures is also shown in the same figure.
From an experimental point of view, there are two methods to determine the behavior of COA:
(a) synthesize COA and, within a selected temperature range, observe the structural evolution using XRD data, and (b) heat COM and observe the structural evolution using XRD data. Here, the latter details information about the formation of COA, while the former details its temperature dependent phase transitions. Furthermore, if an in situ XRD experiment is undertaken, then kinetic information about the transitions can be determined; in this case the time resolution and angular resolution (i.e. how fast and the quality of the data) has to be balanced. The focus here is on the formation of COA, in order to determine the phases that appear when dehydrating COM into COA and then into its degradation product CaCO 3 .
The first experimental in situ XRD data began with a gradual ramp between 1-2° C/min to 410 Both transitions to α-and β-COA are first order phase transitions (two-phase reaction).
However, as shown in the color plots (Figure 2a-c) , there is clearly a two-phase or three-phase co-existence with α-COA, as it appears with either COM, or β-COA, or both phases.
β-COA appears at 155 °C and there seems to be a subtle transition to the γ-phase. This is evidenced in Figure 2c , where a reflection increases in 2θ value with increased temperature (contraction of the cell) while another reflection essentially maintains its 2θ value. This evidence in favor of the existence of γ-COA may indeed be a result of anisotropic thermal evolution of β-COA rather than the transition into another phase. Evidence for γ-COA is essentially non-existent in this run and the evolution to the CaCO 3 begins at about half way through the 370 °C step. Therefore, based on these data, we cannot conclusively indicate that a γ-phase actually exists.
To illustrate the evolution of the three phases (COM, α-and β-COA) during the 140 °C step, selected XRD patterns at the beginning, end and during are shown in Figure 2d -e, and Figure S1 of the Supplementary Information shows a Rietveld refined fit to COM at room temperature. The COM phase shows predominantly a decrease in reflection intensity with minor changes in the 2θ position during the course of the 140 °C step whereas both α-and β-COA show increases in the reflection intensity and shifts in 2θ position. The latter is unusual as during an isothermal step the phases appear to go through both a two-phase reaction in addition to a solid solution reaction (at least for some reflections). The combination of runs and the evolution of the α-phase suggest it is a kinetically stabilized phase. In any case, the presence of 3 phases co-existing in such a manner makes structural refinements difficult and thus calculations are required. It also raises the question of phase distribution in the sample; is it one particle with three components, a core and two shells, or is the phase distribution across particles?
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A comparison of the models derived from the calculations with the reflections observed experimentally in the three phase co-existence region indicates that the α-phase is most closely related to COA-III and the β-phase is the one determined by Hochrein et al. 25 The optimized structures of β-COA and of COA-III as shown in Table 2 have been used as initial models for the refinements. It should be noted that lattice parameters and some atomic coordinates have been refined to fit the XRD data. Unfortunately, full Rietveld analysis has not been possible due Most of the lattice parameters stabilize at the 370 °C step with the exception of a, which continues to decrease. In terms of phase fraction, COM disappears and α-COA shows the largest 13 increase at 140 °C and a small proportion of β-COA is formed. The latter becomes larger in phase fraction than α-COA during the ramp to 370 °C.
The shaded regions in Figure 3a are where the phase fractions or quantity of the COM and β phases were relatively low such that the determination of the lattice parameters showed some variation. At the point "A" the phase fraction of α-COA is reduced to 0 then the darker blue symbols represent the phase fraction of β-COA while the lighter blue symbols are with α-COA still in the refinements but with fixed lattice parameters in this region. In both methods of fitting (with α-and β-COA or with β-COA only) after point "A" the lattice parameters of the β-COA phase are stable and the only difference appears to be in the slight decrease in β-COA phase fraction, which is related to the formation of the CaCO 3 phase. It should also be noted that this transformation appears to be close to a first order phase transition. The question of whether β-COA transforms to the "γ" phase still remains unanswered.
Time-resolved XRD data allows us to study some of the kinetics during the processes applied.
The three-phase co-existence and transitions between α-COA, β-COA and COM can be probed by fitting appropriate functions to these data. Limiting the fitting to the 140 °C step, an approximate isothermal case in an open capillary system, the time (t) evolution (growth) of the phase fraction (f) of α-COA can be described using the equation: 
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The phase evolution of calcium oxalate monohydrate during the heating cycles employed in the synchrotron XRD can be summarized as shown in Figure S2 of the Supplementary Information.
Thermodynamic stability
The next step in this work has been to computationally explore thermodynamic stability. The energy differences between the four COA phases examined here have been computed by using the five DFT functionals and the two basis sets mentioned in the previous sections. Results relative to β-COA are reported in Table 3 . As expected, 51 due to the similarity in the density and crystallographic structures between β-COA, COA-III and COA-IV, all functionals and both basis sets provide very similar relative energy differences, with the order of stability β-COA > COA-IV >> COA-III. This is surprising, as α-COA in the experiments appears to fit well with COA-III. However, its reactivity and our inability to isolate this phase may be in part related to its lower stability compared to β-COA. In order to produce β-COA, water must be extracted from COM and the intermediate is likely to be COA-III as demonstrated in the experiments.
COA-II is also less stable than β-COA. However, the relative energy difference depends on the method due to short-and long-range correlation not being properly accounted for by DFT. While for the other three phases these interactions would tend to cancel due to fortuitous compensation of errors, this does not happen between β-COA and COA-II due to their major structural and density differences. For this reason, the values in Table 3 range between +1.2 and +22.5 kJ/mol.
Note that for a given functional and basis set, the uncertainty associated to these numbers is of the order of fractions of kJ/mol, and depends on computational parameters, approximations and algorithms adopted. While in all cases COA-II is less stable than β-COA and COA-IV, it is not possible to establish on the basis of these calculations whether it is more or less stable than COA-III.
The thermodynamic stability of the four COA polymorphs as a function of temperature has been explored in the range of 0-800 K. The free energy differences are plotted as a function of temperature with respect to β-COA in Figure 4 . Since all functionals and basis sets provide nearly the same trend for the β-COA, COA-III and COA-IV, only data obtained with PBE0 are reported in each figure, while for COA-II data obtained with five DFT functionals are reported.
As mentioned in the previous paragraphs, β-COA results in the most stable phase over the entire range of temperatures explored. This is in agreement with our experimental findings, where we observe either β-COA or α-COA that transforms into β-COA as soon as it is formed. While the stability of both COA-II and COA-IV with respect to β-COA decreases with temperature, though following different trends, the stability of COA-III increases. These results, though approximate (due to the assumptions of harmonic vibrations; constant volume over the entire range of temperature; only vibrational contribution to entropy included), provide a qualitative insight into the free energy trends of these phases. However, despite the fact that there seems to be no transition in Figure 4 between phases β, III, and IV, given the opposite nature of the trends for COA-III and COA-IV, and the small energy difference between β-COA and COA-IV in the range of 0 to 150 K, we cannot, on the basis of these models, exclude the possibility that transitions may occur in the real sample.
Due to the nature of the COA-II phase, we are unable to make further predictions related to its stability. Figure 4 indeed shows that while the slope of the free energy function is largely independent of the functional and basis set, its position in the plot changes significantly, giving rise to very different predictions for transition temperatures.
Vibrational frequencies, infrared and Raman spectra analysis of COA polymorphs
The vibrational spectra of the four COA models have been calculated using the PBE0 functional and the V-BS basis set. To the best of our knowledge, the earliest measurement of the spectra of β-COA was reported by Shippey. 44 However, since no further experimental or computational vibrational spectra are available, the aim here is to provide some new information that can aid in the characterization of COA polymorphs.
The 3N-3 vibrational modes, N being the number of atoms in the unit cell, can be symmetry classified according to the following decomposition of the reducible representations (Γ) built on the basis of the Cartesian coordinates of the unit cell atoms for the four COA structures:
For COA-II, because it belongs to the space group P1 and has the lowest symmetry, all modes (81) are both IR and Raman active, although some IR intensities are actually equal to zero. In particular, as can be seen in Table S1 of the Supplementary Information, frequencies that have a high IR intensity have an almost zero Raman intensity and vice-versa, with the exception of some cases in the lattice mode region (<320 cm -1 ). For the other three structures, as tabulated in Furthermore, various regions of the spectra in Figure 5 and Figure 6 show the high similarity between β-COA and COA-IV bands. Table 4 and Table 5 report the IR and Raman features of the four phases, and compare them to the observed values by Shippey. 44 For the reasons discussed in a previous paragraph, only frequencies higher than 300 cm -1 with non-zero intensity are reported in these tables for COA-II, whereas the full spectrum is shown in Table S1 of the Supplementary Information. In Table 4 and The quality and availability of experimental data on COA does not allow a more accurate comparison between experimental and computed spectra. As for the comparison between the four COA polymorphs, Figure 5 and Figure 6 show that despite the many spectral similarities, 20 differences can be observed in terms of number of peaks and width of the bands, some of which may possibly be detected through advanced spectroscopic techniques.
Conclusions
This paper confirms that at least another polymorph exists for COA other than the one known as β-COA. The structure of this phase, namely α-COA, is here determined for the first time, through applying ab initio methods coupled with in situ synchrotron XRD data. Structural analysis and thermodynamic phase stability, as obtained through theoretical modeling have ultimately led to the prediction of three new possible atomic arrangements for the COA polymorphs, in addition to β-COA, with the latter turning out to be the energetically favored phase over the full range of temperatures examined. However, on the basis of these models, we cannot exclude the possibility that phase transitions may occur if other factors are involved in the real sample, and this is clearly evidenced in the experimental data. The latter show that two distinct phases of COA are formed during dehydration of COM, namely α-and β-phases, despite the fact that α-COA cannot be isolated from the other phases. It is also shown that the structure of α-COA corresponds to one of those theoretically derived in this paper, namely COA-III. The existence of a third γ-phase cannot be confirmed on the basis of our experiments. Indeed, this phase was observed only once as a result of dehydration of COD, and only on finely ground samples. 23 With the aim of providing reference data for future experiments aimed at studying COA polymorphism, IR and Raman spectra have been computed for the four models and compared between each other and with existing experimental measurements. They exhibit very similar features, due to extreme structural similarities, but some differences in number and 21 position of peaks can be observed that may allow structural models to be discriminated between in future studies.
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